ABSTRACT Droop control has been a well-known technique for power-sharing control of the grid-connected inverters. However, droop control with special strategy is required for capacitive-coupled inverters (CCIs) since the large coupling capacitance in CCI and decoupled nature in droop control massively narrow the controllable power range of droop control and makes the application impractical. So far, less work is done on the topic, and in this paper, the phenomenon of narrowed controllable power range in droop control is investigated, and a solution is proposed by introducing a novel active-reactive power (PQ)-coupling strategy. The proposed control is being tested on a laboratory CCI prototype. The simulation results and experimental verifications are presented to show the feasibility and validity of the proposed coupling droop control strategy.
I. INTRODUCTION
Rapid growth of smart grid, distributed energy sources (DES) and renewable energy integration causes a significant impact on power system, such as challenges in power flow control compared to traditional grid. Grid-connected inverters are mainly used for integration of the DES and renewable energy with utility grid or an ac microgrid. With the rising number of grid-connected inverters due to increasing renewable energy integration ratio, the role of inverter is no longer a stand alone device for power quality conditioning only, it also needs to provide active and reactive power flow control. Various control applied in grid-connected inverters include distribution control [1] , [2] , current control [3] , [4] , and voltage control [5] , [6] . Although advanced research was done on distribution control, the cost of distribution control is still higher for parallel connected inverters since additional local slave controllers are required. On the other hand, current control suffers from low accuracy and undesirable transient response. In contrast, voltage control is economic
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with good performance and its variants are therefore widely applied in grid-connected inverters. Droop control, as a representative among all voltage control methods, was proposed for bi-directional power flow control. Benefiting from its straight forward control characteristics, droop control does not depend on communication between inverters, and is thus a promising method for large power system [7] - [9] . There are increasing research of droop control application on both alternating current (a.c.) and direct current (d.c.) grids in recent years [10] - [13] .
Droop control was developed in a decentralized manner to control the grid-connected inverter active and reactive power output using two independent variables: the inverter frequency or phase angle, and inverter voltage amplitude. The idea of droop control for parallel-connected inverters first appeared on a journal in 1993 [14] . The control of active power using inverter frequency was reported to have drawbacks such as high frequency deviation and low stability. On the other hand, active power control using phase angle can provide better stability margins, and is commonly used. Furthermore, adaptive droop control was proposed to switch between islanded and grid-connected modes without any control switching action. Although different droop control techniques were researched, they were all developed based on the main droop control model, and is applied in inductive-coupled inverters (ICI) [15] - [19] . Capacitive-coupled inverter (CCI) is an emerging inverter topology that helps to reduce the inverter operation voltage, device rating and power loss using capacitive coupled impedance [20] . The effectiveness of the capacitive coupled structure in operation voltage reduction has been proved in different area of applications [21] - [26] . CCI is thus a good alternative of ICI in the power system and ac micro grid. Researchers had also developed universal droop controller for different types of converters including CCI [27] , [28] . However, the main droop control cannot be directly applied to CCI without modifications. A large capacitance is required to reduce the operation voltage, and it leads to a narrowed controllable power range, as unmodified droop control works only within a small range of phase angle.
In order to overcome the mentioned problem for droop control application in CCI, a PQ-coupling control strategy is developed. In Section II, a review of droop control modeling and operation is given. Section III then discusses and analyzes the phenomenon of narrowed controllable power range in CCI droop control caused of decoupled characteristics in droop control. A novel PQ-coupling strategy is then presented for better CCI droop control performance. In Section IV, a small signal model is used to show the stability of proposed control. Finally, simulation results and experimental verifications are included in Section V, and a Section VI summarizes the paper.
II. REVIEW OF POWER FLOW AND DROOP CONTROL
Droop control model can be derived from power flow formulation. Fig. 1 shows a simplified circuit diagram of photovoltaic (PV) integrated ac micro grid with parallel ICI and CCI. The inverters are used to control the active (P) and reactive (Q) power flow from the PV into the system.
Assuming that there are m number of ICI, and n number of CCI, the active and reactive power flow from each inverter in Fig. 1 can be represented as in (1) .
where 
Definition of other parameters may be referred to Fig. 1 . It is also assumed that the internal resistance of the coupling structure is negligible. The diagonal matrix in the equation in (1) clearly shows the decoupled characteristics of droop control in ICI or CCI.
In P-δ Q − E droop control theory, the power control is decoupled and is linearized. In other words, the active power P is controlled by δ, while the reactive power Q is controlled by E. However, as shown in (1), the power flow formulation is nonlinear and coupled. Therefore, the droop control operation region is within a small range of phase angle δ. For instance, in ICI, the phase angle δ operation region is a small region around δ = 0, while the phase angle δ operation region can be small region around δ = 0, δ = π/2, or δ = −π/2. The reason for expansion of operation region in CCI will be explained in later sections.
In the discussions that follow, the analysis is mainly performed on CCI. For simplicity, the subscript C1 will be neglected in the description. For example, the power flow formulation of P and Q output from the CCI is expressed as (2) .
The reason for the operation region to kept within the a small operation region is to linearize the power flow model. A typical example of linearized power flow model around δ = 0 is given in (3), which is derived from (2) and is an important basis for droop control modeling.
The equations in (4) can be obtained after rearranging the controlled parameters to the left hand side.
The conventional droop control model is shown in (5). It is a linearized form of (4), assuming that P and Q can be controlled δ and E separately and linearly. This is also the root cause for the narrow controllable power range in CCI, which will be explained in the next section.
where
III. NARROWED CONTROLLABLE POWER RANGE USING DROOP CONTROL IN CCI
The narrowed controllable power range using droop control in CCI is mainly due to two reasons: large capacitive coupled impedance and decoupled nature of droop control. The contents that follow will discuss the phenomenon and effect on CCI performance.
A. INVESTIGATION OF NARROWED POWER RANGE PHOENONMENON
Starting from here, for simplicity, the ''controllable power range'' is rephrased as ''power range'' since it would be meaningless to output uncontrollable power from grid-connected inverters. Recall from (5) that the value of m and n is determined by the desired operation range of δ and P, E and Q respectively. The equations in (6) can be derived by substituting the power flow model in (3) into (5).
Taking linear approximation as in (3), the equations can be further revised as (6) .
The results in (6) can be further substituted back to the power flow formulation in (4), and is obtained as (7) .
Ideally, the result in (7) should be consistent with the droop model in (5), with δ * = 0, and E * = V s . However, in (5), m and n are both constants, while in (7), n is a constant (Z and V s will be fixed once the CCI is installed), but the value of n/E will differ.
Referring to (7), the relationship between δ and P is linear only when the value of E is a constant. There are two conditions that may make the value of n/E a constant: i) when the CCI output reactive power (Q) is kept unchanged; or ii) when the value of V s is a lot larger than the second term nQ. For the first condition, keeping the CCI output reactive power is not practical, and it limits the output power range. For the second condition, since Z is determined by the reactive output demand, the value of Z in CCI is large and leads to a larger value of n. Thus, traditional droop model is not applicable in CCI.
The mentioned phenomenon due to a large Z value in CCI can also be investigated mathematically. CCI coupled impedance is determined by the rated reactive power output. Assuming that the CCI coupled impedance is designed matching to the rated reactive power output Q rated , the value of n can be determined by (8) .
The results for determination of E can be obtained in (9) by substituting (8) into (7). The result shows that E value is sensitive with changes in Q. For example, 5% decrease from 0.95Q rated will lead to 100% change in E.
There may be wonders about the reason why the narrowed power output range in ICI is not obvious. This is due to the small coupled inductance (normal value lies between 2 mH and 10 mH). However, this is beyond the scope of this paper, and will not be discussed in details.
B. NARROWED POWER RANGE CAUSED BY ERROR IN ANGLE δ ESTIMATION
The narrowed power range in CCI using conventional droop control model is mainly due to the error in the estimation of the angle δ. The percentage error in the δ estimation using conventional droop control model can be determined from (10) based on the analysis above, where the values of m and n can be determined by (5) and (6) respectively.
Substituting the determination of m in (5) into (10), the expression in (11) can be obtained after further manipulation.
For analysis, it is further assumed that |Q| = k Q |P max |. Notice that this relationship is only applied to the magnitude, without affecting the unit of P max as W, and that of Q as var. For simplicity, the absolute symbol is eliminated in the equation, and will not affect the derivation. The result obtained by the assumption is shown in (12). (12) From (3), the value of P max can be determined as P max −EV s /Z δ max . By substituting this relationship into (12), the error in phase angle δ estimation can be computed as (13) .
Supposing that droop control works within a small region (δ max = 0.3), the error in estimation of angle δ using conventional droop is plotted against CCI voltage (E) and ratio (k Q ) for a CCI connected to a 220 V system (V s = 220) and is shown in Fig. 2 . The figure clearly shows that when the CCI operation voltage (E) is low, the error in angle δ estimation using conventional droop is higher. Nevertheless, CCI operates at a low voltage level, especially when the coupled impedance matches with the reactive power output. This makes conventional droop not practical for CCI. The error in δ estimation directly leads to the CCI active power tracking error (P err ). As droop control operates within a small region, the value of P err is approximately the same as δ err , as represented in (12) . With a constant δ max , the CCI active power tracking error is zero only when the condition in (14) is satisfied. This infers that the reactive power cannot vary within a large region or else a large active power tracking error will be resulted.
IV. PROPOSED PQ-COUPLING STRATEGY FOR DROOP CONTROL IN CCI
In order to reduce the active power tracking error in CCI droop control, the root cause of error in δ estimation is eliminated by introducing the PQ-couping technique. Based on the analysis above, the error in δ estimation is due to inaccurate linear relationship between δ and P in conventional droop model in (5) . By inspecting the CCI power flow formulation derived in (7), it can be observed that the value P varies with δ, n and E, where E varies with Q. The development of proposed model can be referred in Section II and III.
A. PROPOSED PQ-COUPLING DROOP CONTROL MODEL
From the discussions above, we know that the ultimate cause for the error in CCI active power tracking in conventional droop control is the decoupled PQ-control. Thus, the problem could be solved if the relationship between different parameters are modified based on (7) . In order to control the CCI to output active power P * and reactive power Q * , the droop control can be modified as in (15) .
As shown in (15) , instead of having δ − P and E − Q relationship as in conventional droop control, the proposed PQ-coupled droop control is having δE − P and E − Q relationship. This minimizes the power tracking error.
B. REDUCED ACTIVE POWER TRACKING ERROR USING PROPOSED CONTROL
Since the proposed PQ-coupled droop control originates from the power flow formulation, the error in active power tracking should be zero ideally. However, since the actual power flow is not directly proportional to the angle δ, error is still present, but the performance would be considered acceptable as long as the error is within a certain tolerance.
Assuming that the CCI output active power reference is P * such that δ * = −n/E ·P * , from the power flow in (2), the error in active power tracking using proposed PQ-coupled droop control can be determined as (16) .
The relationship in (16) is plotted in Matlab in Fig. 3 . Comparing the figure with Fig. 2 , which shows the error in active power tracking using conventional droop control, the active power tracking error can be highly reduced using proposed control. 
V. STABILITY ANALYSIS BASED ON SMALL SIGNAL MODEL
One important concern of control is its stability, the stability of conventional and proposed droop control is therefore analyzed.
Based on (1) and (2), the power flow equations can be linearized as (17) .
By taking partial derivatives of relevant equations, the expression in (18) is obtained.
Considering the effect of the first order low-pass filter in the inverter, the output active and reactive power is refined as in (19) , where ω f is the cut-off frequency of the low-pass
By substituting (19) into (18), (20) is obtained.
Thus, according to the small signal modeling techniques (need ref here), the expressions in (21) can be concluded.
Therefore, the small-signal model can be arranged as:
Based on the small signal in (22) , the root locus for the value of n varying from 0.0001 to 0.5 is drawn. Fig. 4 and Fig. 5 show the root locus plots of conventional and proposed partially-coupled droop control for CCI respectively. The fact that the root locus of both plots is located on the left hand side (real axis< 0) indicate that the control system is stable regardless of the value of n. In other words, the parameter n selection will not affect its stability. Thus, the proposed method does not cause stability problem in CCI. 
VI. SIMULATION AND EXPERIMENTAL VERIFICATIONS
In order to verify the validity of the analysis and proposed droop control model for CCI, simulations and experimental results are obtained. The schematic used is similar to the circuit in Fig. 1 , while the control block diagrams of conventional and proposed droop control used are shown in Fig. 6 . Two conditions are mainly investigated: 1) control using conventional droop control model; 2) control using proposed PQ-coupled droop control. One major difference of proposed model is the coupling between P, Q and Î, which yields more accurate result.
A. SIMULATION RESULTS
PSCAD simulation results are obtained. The simulation parameters are summarized in Table 1 . The value of n computed according (6) is around 0.109, and the value of |/delta lim | is 0.55 for 5% error in maximum. Thus, the system setup is within the effective range of proposed partial-coupled control. The simulation results of injected active power P inj , and reactive power Q inj under conventional and proposed droop control models are shown in Fig. 7 and Fig.8 respectively.
The results are further summarized in Table 2 . Case 1 operates near δ ≈ 0 while cases 2 and 3 operate near δ ≈ π/2. The results show that as analyzed, for δ ≈ 0 (case 1) there is not much difference for reactive power output accuracy but reactive power output is not accurate using conventional droop control model. On the other hand, for the δ ≈ π/2 (cases 2 and 3), the error in the reactive power is higher using conventional droop control. The error in the power output using conventional droop control model can be as high as -77%, which is far from satisfactory level. As analyzed, this is due to that P and Q control is totally decoupled. The simulation results show the effectiveness of proposed droop control model for improving accuracy of output active power in CCI.
B. EXPERIMENTAL VERIFICATIONS
In order to obtain experimental results for proposed droop control model, a laboratory-scaled hardware prototype is constructed. The circuit schematic is similar to the CCI structure in Fig. 1 . Shown in Fig. 9 is the hardware appearance of the experimental hardware.
It consists of mainly digital signal processor DSP 28335 and field programmable gate array (FPGA) EP3C25E144, as well as signal conditioning circuit and LC coupling structure. The renewable energy source is represented by a controllable DC power source supply, while the load is an electronic load (model VILVA-AC220V-5kW), as shown in Fig. 10 . The power data is monitored by using Fluke 43B single phase power analyzer. The corresponding system parameters are shown in Table 3 .
The experimental results obtained are shown in Fig. 11 , Fig. 12 and Fig. 13 . The figures show the screen capture from Fluke power meter. The data on the left of the screen capture refer to the active, reactive and apparent power. The results are further summarized in Table 4 . The results are consistent with the analysis and simulation results. The reactive power output accuracy is more or less than the same using both droop control parameters determined by conventional and proposed method. However, the active power output accuracy is higher using proposed method. These show the validity of proposed droop control model for CCI and the analysis in this paper.
VII. CONCLUSION
In this paper, a novel droop control with PQ-coupling strategy is proposed for CCI to achieve power control with higher accuracy, and reduce the error of conventional droop application in CCI. A high operation voltage and low coupled impedance is preferred for small error in conventional droop control, which makes conventional droop control not directly applicable in CCI. It is found from investigation that this is due to the decoupled PQ control in conventional droop. The proposed droop control with PQ-coupling is developed from power flow formulation and its validity is verified through simulation and experimental results.
